ABSTRACT The selection of broilers for augmented growth rate and breast has brought about woodenbreast (WB) muscle abnormalities, which caused substantial economic losses. The objective of this study was to compare water holding capacity, water mobility and distribution, salt-soluble protein (SSP) content, and protein profiles of normal and WB chicken meat with different additions of NaCl. Thirty WB and 30 normal chicken breasts were selected from a deboning line of a major Chinese processing plant at 2 to 3 h post mortem. Two different meat batters were formulated to 150 mg/g meat protein and different NaCl contents (0%, 1%, 2%, 3%, and 4%). Results indicated that as NaCl contents increased, the cooking loss of meat batters decreased (P < 0.05). Increasing the NaCl content to 3% or more increased the solubility of myofibrillar protein and the extraction of SSPs, which resulted in the improving of cooking yield. Over a range of salt concentrations, normal and WB meat showed different protein profiles, with myosin heavy chain exhibiting a higher intensity at ≥3% salt level. Low-field nuclear magnetic resonance (LF-NMR)revealed an increased T 22 and higher P 22 in raw WB meat compared to normal meat (P < 0.05). Regarding the meat batters, WB meat batters had reduced T 21 and lower immobilized water proportions at low NaCl contents (<2%). After heating, T 2 shifted towards higher relaxation times with increasing NaCl contents in meat gels. Meat gels prepared from WB had a lower proportion of water within the myofibrillar protein matrix and a greater proportion of exuded bulk water at NaCl contents <3% (P < 0.05), while at higher NaCl contents the difference was eliminated, thus improving water retention capacity. In conclusion, for raw meat, meat batters and gels, water distribution and mobility of WB exhibited significant differences compared to normal meat. The addition of NaCl affected water mobility and distributions in meat batters, with a level of 3% NaCl eliminating the differences between processed normal and WB meat products.
INTRODUCTION
During the past few decades, broilers have been selected for augmented growth rate and breast yield to meet the increasing demand for poultry meat. This selection has been accompanied by an increasing incidence of severe pectoral myopathy and muscle abnormalities, such as pale, soft and exudative (PSE)-like and more recently white striping (WS) and wooden breast (WB) characteristics . The WB condition, characterized by diffuse, hardened areas and pale, ridge-like bulges at the caudal end, recently emerged and raised concerns in the poultry industry (Sihvo et al., 2014) . Histological observations showed that WB is associated with muscle fiber fragmentation, hyalinization, myofibril swelling, necrotic muscle fiber replacement with connective tissue, macrophage infiltration, and interstitial connective tissue accumulation (Soglia et al., 2016a) . Due to its visual appearance in raw meat and its tough texture, WB may impact consumer's choices. The poultry industry downgrades this meat, and commonly utilizes it in manufacturing of processed products, thus resulting in substantial economic losses . Limited studies have shown that raw WB fillets exhibit poor water holding capacity (WHC) and have reduced marinade uptake, coupled with an increased water loss on cooking . In addition, how to utilize WB in manufacturing finely comminuted products remains unknown, and it is of value to determine its functional and technological properties with various NaCl additions.
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NaCl has a profound impact on the functional properties of meat products, such as WHC, emulsion stability, and textural properties (Chen et al., 2015; Xiong and Brekke, 1991) . During the initial stage of chopping, NaCl is often added mainly for the extraction of the salt-soluble proteins (SSPs), which subsequently contributes to the swelling of myofibrillar proteins (MPs), the depolymerization of myofilaments, and the dissociation of the actomyosin complex (Lo and Ninham, 2012) . Subsequently, thermal treatment induces the establishment of a stable protein gel network (Herrero et al., 2008) . Also, the properties of these formed meat gels in comminuted systems depend on NaCl content.
The distribution and mobility of water is well recognized as a crucial parameter in meat as it plays a key role in meat processing operations and in defining quality of meat products (Li et al., 2014) . It is therefore of importance to characterize the chemical-physical properties of myowater during processing. In recent years, low-field nuclear magnetic resonance (LF-NMR) has been applied to investigate the state, mobility and distribution of water in meat and meat products during curing (McDonnell et al., 2013) , heating (Han et al., 2014) and mincing .
According to the above content, this study aimed to evaluate WHC, SSP content and protein profiles of normal and WB chicken meat batters with different additions of NaCl. Using LF-NMR, we attempted to compare water mobility and distribution in raw meat, meat batters, and heat-induced gels of WB and normal meats, thus attempting to understand the changes of water-protein interactions so as to provide a theoretical basis for effective processing of WB meat.
MATERIALS AND METHODS

Pectoralis Major Muscle Selection
Broilers were slaughtered according to a commercial slaughter process, essentially consisting of electrical stunning, bleeding, scalding, evisceration, chilling, and deboning. Broiler breast muscle samples were initially collected from a deboning line (at approximately 2 to 3 h post mortem) at a local processing plant (Yike Inc., Suqian, Jiangsu, China). The average age of Arbor Acres broilers was 43 d and the average body weight was 2.9 ± 0.25 kg. Breast fillets were subjectively assessed as normal (NOR, fillets without harden areas or white striations and hemorrhages) or WB (fillets with diffuse hardened areas and pale ridge-like bulges at the caudal end) based on the criteria of Sihvo et al. (2014) and Soglia et al. (2016a) . After selection, samples were tagged, placed in polyethylene bags packed on ice, transported to the laboratory and held at 4
• C (n = 30 for each group on 2 occasions). At 24 h post mortem, chicken breasts were subjected to meat quality evaluation, LF-NMR measurements, and used for preparation of meat batters.
Meat Quality Measurements
Each fillet of WB and NOR broiler breasts was weighted and recorded. Meat color of raw fillets was determined in triplicate using a chromameter (Minolta CR400; Konica Minolta Company, Tokyo, Japan) as described by Xing et al. (2015a) . Briefly, the pH of individual fillets was measured by inserting a probe electrode of a portable glass electronic pH (Hanna Instrument Company, Porto, Portugal) meter into the pectoralis major (PM) muscles (Xing et al., 2015b) . Drip loss was determined in duplicate as following. About 20 g of each PM muscle was cut into a specific shape (1 × 1 × 3 cm), suspended on a hook from the lid of a sealed container, and kept at 4
• C for 24 h. Drip loss (%) was expressed as a percentage of the weight loss compared with the initial sample weight. As to cooking loss, breast muscle samples (approximately 30 g of same size and thickness) were put into cooking bags and heated at 80
• C in a water bath until the sample core temperature had reached 70
• C. The temperature was measured by inserting a cooking thermometer into the fillets. The difference in weight before and after cooking was used to determine cooking loss (%).
Preparation of Meat Batters
Any visible connective tissue, fat, and skin were removed and each sample was cut into small cubes and mixed to eliminate individual differences. Ten different groups of meat batters were formulated: normal meat batter (NOR), prepared with 0, 1, 2, 3 or 4% NaCl (w/w); wooden meat batter (WB), prepared with 0, 1, 2, 3 or 4% NaCl (w/w). The procedure used for batter production was described below. Chicken breast meat was chopped in a chilled cutter (Grindomix GM 200, Retsch, Germany) , at a speed of 3,000 rpm for 10 s, followed by the addition of iced water and salt and then chopped again at the same speed for 10 s, until the final protein content reached 150 mg/g. The specific iced water addition was calculated by meat protein content and the final protein content. During chopping, batter temperatures remained less than 7
• C. Both NOR and WB meat samples were prepared for batters with different NaCl content. All meat batter samples were prepared with 4 replicates. They were then stored at 4
• C for 4 h until further analysis.
Gel Preparation
Chicken meat batters (approximately 20 g) were stuffed into 50 mL centrifuge tubes and sealed hermetically. To remove remaining air bubbles, the containers were centrifuged at 500 × g (Avanti J-E, Beckman Coulter, Jersey City, CA) for 3 min at 4
• C. Then, the tubes were subjected to heat at 80
• C in a water bath (ZKSY-600, Keer Co. Ltd, Nanjing, Jiangsu Province, China) for 20 min (Li et al., 2015b; Zhao et al., 2016) .
Before further analysis, the samples were stored at 4
• C for 12 h.
Cooking Loss of Meat Gels
The cooking method was similar to the one reported previously in Gel Preparation. Cooking loss was expressed as percentage, based on weights before and after cooking, according to Li et al. (2015b) . Each sample was replicated 6 times.
Low-field NMR Transverse Relaxation (T 2 ) Measurements
Relaxation measurement was examined using a Niumag Pulsed NMR analyzer (PQ001; Niumag Corporation, Shanghai, China) and performed using a minor modification according to the method of Li et al. (2015b) . NMR measurements were performed on the samples including raw meat, meat batters, and gels of WB and NOR. Approximately 2 g sample was placed in an NMR tube of 18 mm diameter. Carr-PurcellMeiboom-Gill (CPMG) sequences were employed to measure transverse relaxation times (T 2 ). The analyzer was operated at 32
• C with a resonance frequency of 22.4 MHz, and τ -value was 300 μs. The number of scan repetitions was set to 16. A total of 3,200 echoes were acquired and fitted with the program Multi Exp Inv Analysis (Niumag Corporation, Shanghai, China). Relaxation times (T 2b1 , T 2b2 , T 21 , and T 22 ) and their corresponding water populations (P 2b1 , P 2b2 , P 21 , and P 22 ) were recorded. Each sample was replicated 6 times.
Salt-soluble Protein and SDS-PAGE
Meat batter (1 g) from the NOR and WB groups, was mixed with 20 mL salt extraction water (0%, 1%, 2%, 3%, and 4%, w/v) and homogenized using a polytron homogenizer (T 25 digital, IKA Ltd, Germany) at 9,000 rpm for 15 s and then kept overnight in cold room essentially as described by Zhao et al. (2016) . The mixture was centrifuged at 10,000 × g for 10 min at 4
• C and the resulting supernatant was collected and kept on ice. The protein concentration was determined using the Biuret method (Gornall et al., 1949) . Each sample was replicated 6 times. The result was expressed as the percentage of protein solubilized with respect to the total protein content of meat batter. After adjusting the final concentration to 2 μg/μL, the diluted homogenate was mixed with an equal amount of 2 × standard sample loading buffer and heated for 5 min in a dry heater (100 • C). For subsequent SDS-PAGE, equal amounts of total protein (10 μg) were resolved by electrophoresis (Bio-Rad, Richmond, CA) on 4 to 10% acrylamide gel. The gels were run in duplicate. After electrophoresis, the gels were fixed and stained using 0.1% (w/v) Coomassie brilliant blue R-250, 40% (v/v) ethanol, 7% (v/v) glacial acetic acid for 1 h. Then, the Mean values with different superscript letters significantly differ among the experimental groups (P < 0.05). SEM = standard error of mean; NOR = normal; WB = wooden breast. * = P < 0.05; * * = P < 0.01; * * * = P < 0.001. gels were destained using the same solution but without Coomassie brilliant blue R-250. The gels were scanned with ImageQuant LAS4000 (GE, Fairfield, CT).
Statistical Analysis
Student's t test was used to compare the differences of meat quality traits, NMR (T 2 and P 2 ) of raw meat, cooking loss, and SSP content of WB and NOR meat. The means of variables among different treatments of meat batters at different NaCl contents were analyzed using analysis of variance (ANOVA) with the Duncan's multiple comparisons by the program SAS 9.12 (SAS Institute Inc., Cary, NC, 2003) . Differences were considered significant at P < 0.05, and the results are presented as mean and SEM.
RESULTS AND DISCUSSION
Meat Quality Traits of Wooden and Normal Breast Meat
Physicochemical characteristics of WB and NOR chicken breast meat are shown in Table 1 . Fillets affected by the WB condition showed significantly higher (P < 0.05) weight and pH values compared to the normal fillets, which was consistent with other studies (Chatterjee et al., 2016; Soglia et al., 2016b) . The heavier weight of broiler breast muscle in the WB condition might be associated with the selection of rapid growth and muscle mass and conformation, which exceeds the physiological sustainability Petracci and Cavani, 2011) . Other researchers (Abasht et al., 2016; Mudalal et al., 2015) attributed the higher pH in WB meat to the decreased glycogen content and reduced levels of glycolytic enzymes. Regarding meat color, no significant differences were found for lightness (L * ) or yellowness (b * ) values (P > 0.05), whereas WB exhibited higher (P < 0.05) redness (a * ) values than that of NOR meat. This was also found by Chatterjee et al. (2016) . Although the ultimate pH of WB was higher than NOR meat, WB exhibited significantly higher (P < 0.05) drip loss and cooking loss Figure 1 . Cooking loss of WB and NOR chicken breast meat batters with various NaCl contents. All measurements are expressed as the mean ± SEM (n = 6). At a specific salt level, * indicates significant difference at P < 0.05; * * indicates significant difference at P < 0.01; * * * indicates significant difference at P < 0.0001. A-E: within normal group, means lacking a common superscript letter differs, P < 0.05; a-d: within WB group, means lacking a common superscript letter differ, P < 0.05. NOR = normal; WB = wooden breast. compared with NOR. Debut et al. (2003) suggested that the ultimate pH and WHC were highly negative correlated. Sihvo et al. (2014) suggested that extensive loss of membrane integrity and the presence of a thin layer of fluid viscous material over WB led to the increased drip loss. The lower protein content in WB, especially from the myofibrillar fraction, was thought to be responsible for the large loss of fluid during cooking (Soglia et al., 2016a) . In addition, Pearce et al. (2011) ascribed similar losses during cooking to the shrinkage of fibers leading to large gaps between the cooked muscle fibers, as well as at the level of the individual myofibrils, thereby causing water expulsion from the myofibrillar proteins. Histological observations of WB showed the presence of muscle fiber degeneration, fragmentation, and in places, the necrotic muscle fibers were replaced with connective tissue (Sihvo et al., 2014) . Such changes could be expected to increase cooking loss.
Cooking Loss of Meat Batters
The cooking loss of meat batters prepared with a range of NaCl percentages is shown in Figure 1 . As expected, NaCl significantly affected the cooking loss of both NOR and WB meat batters (P < 0.05). With increasing additions of NaCl the cooking losses decreased. Moreover, significant differences were observed in each NaCl level group for both NOR and WB (P < 0.05). In meat products, NaCl contributes to the water binding and gelling capacity by expanding the filament lattice of myofibrils and by partially solubilizing the MPs (Ruusunen et al., 2003) . Higher salt addition can enhance the swelling of MP and SSP extraction, thereby improving the cooking yield Ruusunen and Puolanne, 2005) . In addition, we found sig- nificant difference between NOR and WB batters with 0%, 1%, 2% and 4% NaCl addition (P < 0.05). Factors influencing gel formation in muscle foods include types and source of muscle, protein concentration, pH and ionic strength (Sun and Holley, 2011) . The WHC of gels prepared using WB at 2% or less NaCl additions was less than that of NOR meat, although the pH of WB meat was higher than for NOR meat. This might be due to the reduced MP content caused by the extensive myodegeneration and reorganization of skeletal muscle structures, resulting in replacement of muscle fibers with adipose and connective tissues (Soglia et al., 2016b) . Using a NaCl content of 3% can help to improve the WHC of WB meat gels which showed no difference from the normal meat gels (P < 0.05). This was expected since an ionic strength of about 0.5 M (approximately 2.92% (w/v), or higher, allows substantial solubilization of MP, which in turn, promotes gelation and water-binding (Chin et al., 2009 ). However, for health reasons, both consumers and processors are moving away from high-salt foods (minimizing sodium) since high salt intake has been related to high blood pressure, one of the 3 major risk factors of cardiovascular diseases (Desmond, 2006) . At this point view, use of high salt to solve the WHC of WB is not a commercial option and other approaches need to be found.
Water Mobility and Distribution
The distributed exponential fitting analysis of T 2 of wooden and normal raw meat, meat batters and heatinduced meat gels are presented in Figures 2 and 3 . We mainly identified 3 peaks, which are 1) T 2b (1 to 20 ms), representing the tightly associated to protein and bound to macromolecules constituents (2 minor T 2 populations, T 2b1 and T 2b2 , were found in meat batter; Li et al., 2015b) , 2) T 21 (10 to 150 ms), a major component representing water associated within the highly organized protein structures of high protein densities (Xiong et al., 2016) , and 3) T 22 (150 to 2,000 ms), representing expelled bulk water (Bertram et al., 2006) . Mean values with different superscript letters significantly differ among the experimental groups (P < 0.05). SEM = standard error of mean; NOR = normal; WB = wooden breast. * = P < 0.05; * * = P < 0.01; * * * = P < 0.001.
The most predominant water component in the meat batters and gels was the immobile water fraction, corresponding to T 21 .
Relaxation Properties of the Raw Breast Meat
The T 2 transversal relaxation time and corresponding relative populations identified by LF-NMR in raw material of WB and NOR chicken breast fillets are shown in Table 2 . WB samples had a significantly higher T 22 value than that of NOR group (P < 0.05), indicating a greater mobility of extra-myofibrillar water. Each of the 3 water populations was significantly different between WB and NOR group (P < 0.05). The lower proportion of bound water (P 2b ) in WB samples suggested that water was less closely associated with macromolecules. In addition, WB samples exhibited a lower proportion of intra-myofibrillar water (P 21 ) and a corresponding higher extra-myofibrillar water (P 22 ), which was also shown in recent study by Soglia et al. (2016a) . This might be caused by the leakage of water from intra-myofibrillar spaces into extramyofibrillar spaces (Bertram et al., 2010) since the WB abnormality results from fiber degeneration, the subsequent reduction of myofibrillar proteins and the small regenerating fibers, thus causing the myofibrillar protein insufficient capacity to bind water tightly (Clark and Velleman, 2016) . LF-NMR T 2 transverse relaxation time has been shown to have a close relationship to the WHC of muscle, of which T 21 , T 22 and their populations are highly indicative for drip of fresh meat and juiciness for cooked product (Bertram et al., 2002; Li et al., 2012) . The data in the current study implies that water distribution and mobility differs significantly between raw samples of WB and normal meat. The higher proportion of extra-myofibrillar water and the greater mobility of intra-myofibrillar water might be the crucial factor to lower WHC in WB meat.
Relaxation Properties of the Unheated Meat Batters and Heated Meat Gels
We found 2 populations of T 2b in raw meat batters of NOR-0% and in all WB groups (Figure 3) . Pearce et al. (2011) suggested that T 2b was independent of any mechanical stress and micro-or macrostructural changes in the meat matrix. However, as Figure 3 . Distribution of T 2 relaxation times for meat batters and gels of WB and NOR chicken breast meat. A1: Distribution of T 2 relaxation times for meat batters of NOR-1%, NOR-3%, WB-1% and WB-3% group samples; A2: Distribution of T 2 relaxation times for meat batters of NOR-0%, NOR-1%, NOR-2%, NOR-3% and NOR-4% group samples; A3: Distribution of T 2 relaxation times for meat batters of WB-0%, WB-1%, WB-2%, WB-3% and WB-4% group samples; B1: Distribution of T 2 relaxation times for meat gels of NOR-1%, NOR-3%, WB-1% and WB-3% group samples; B2: Distribution of T 2 relaxation times for meat gels of NOR-0%, NOR-1%, NOR-2%, NOR-3% and NOR-4% group samples; B3: Distribution of T 2 relaxation times for meat gels of WB-0%, WB-1%, WB-2%, WB-3% and WB-4% group samples. exhibited in Table 3 , the relaxation time of T 2b1 of NOR-1% was greater than the high NaCl-addition groups (P < 0.05). This suggests that salt increases the disruption of the muscle myofibrils, endomysium and perumysium allowing water to be more tightly associated to proteins and macromolecules as found by Kang et al. (2016) . In addition, we found a longer relaxation time of T 2b2 in wooden meat batters with salt addition, and it gradually reduced with the increasing of salt content. Compared with NOR-0% and NOR-1% groups, the other groups had slower relaxation times of T 21 ; this was also reported by Bertram et al. (2004) , indicating an increase of water mobility. This can be interpreted as a swelling of the myofilament lattice with increasing ionic strength, while in the WB meat batters it might result from its incomplete swelling of muscle myofibrils. In addition, the water proportions of different components showed significant differences among the treatment groups (P < 0.05). Portion P 21 was lower in WB meat batters at low NaCl contents (<2%) compared to NOR meat batters (P < 0.05), while increasing the NaCl content to 3% or more can improve the water proportions within the MP matrix.
We observed a shift of T 2 towards longer relaxation times in meat gels compared with meat batters. It is known that the water proton relaxation time can be affected by multiple factors including protein aggregation and gel formation. During cooking, gelation of MPs takes place due to aggregation of heat-denatured protein. The SSPs partially unfold during heating and form a network (Bertram et al., 2004) . In this case, the immobile water of meat batters migrates to more restricted water (T 21 ) and free water (T 22 ) after cooking (Table 3) . The relaxation times of T 2b in WB-0% and WB-1% groups were higher than the other groups. The population P 2b gradually increased with the addition of salt levels, as seen by Li et al. (2015a) . No significant difference was found between NOR and WB at the same salt addition (P > 0.05). Moreover, we observed a significant increase of T 21 with salt addition (P < 0.05). It has been suggested that increased water mobility of the muscle tissues occurs, in part, as a result of the increase of electrostatic repulsion between proteins, concomitantly as the salt content raised, thereby increasing the distance between thin and thick filaments and widening the spaces between myofilaments (Aursand et al., 2008) . The P 21 of WB meat gel was significantly lower than that of NOR meat gel, while the P 22 was higher (P < 0.05) when NaCl content was lower than 3%. In addition, no significant differences in P 21 and P 22 were found between NOR and WB meat gel when raising NaCl content to 3% or higher. Previous studies indicated that these 2 fractions are highly correlated with cooking loss (Bertram et al., 2002; Yang et al., 2015) . Overall, the results showed that WB meat gels had a greater proportion of expelled bulk water when the NaCl content was lower than 3%, therefore the WHC was correspondingly worse. Table 3 . Transverse relaxation times (T 2 ) and corresponding relative population (P 2 ) of wooden-and normal-meat batters and gels. All measurements are expressed as the mean ± SEM (n = 6). At a specific salt level, * indicates significant difference at P < 0.05; * * indicates significant difference at P < 0.01; B: SDS-PAGE of SSP extracts from WB and NOR meat batters. NOR = normal; WB = wooden breast; MHC = myosin heavy chain.
Salt-Soluble Proteins and SDS-PAGE
The concentration of SSPs for WB and NOR meat batters is shown in Figure 4A . The SSP content significantly increased with increasing salt content (P < 0.05, data not shown), indicating their increased extraction. At 0% salt, there was no significant difference between NOR and WB meat batters, where the extracted protein was mainly sarcoplasmic protein. The SSP contents of WB meat batters were significantly lower compared with NOR meat batters (P < 0.05) with 1% or 2% salt content, which might result from insufficient swelling of the MPs in WB samples during chopping due to its different microstructure. However, when adding salt to 3% or 4%, the SSP contents of WB meat batters were higher than that of normal meat (P < 0.05). This suggests that the salt solubilizing properties of MPs in WB meat are better than that of NOR meat.
Regarding the protein profiles, salt percentage had a pronounced effect on the overall SDS-PAGE pattern of both sample groups. The myosin heavy chain (MHC) and actin, the most abundant MPs, appeared when the salt content was higher than 3%. This was in accordance with the higher cooking yield and the better textural properties of the meat gels as these proteins are important in producing 3-dimensional gels upon heating and subsequent cooling (Verbeken et al., 2005) . The proteins profiles of the extracted SSP were very similar between WB and NOR meat batters, except for the band intensity of MHC, with more MHC extracted at 3% salt content, and its partial degradation at 4% salt in the WB group compared to NOR group. Combined the results, we speculate that the cooking losses changes of WB batters with NaCl addition during processing might be related with the SSPs contents and the protein profiles of the extracted SSPs.
IMPLICATIONS
It is concluded that the WB abnormality has detrimental effects on the WHC of raw meat and the WHC of processed meat batters. NaCl plays a critical role in improving the cooking yield of WB meat batters. When the NaCl content was lower than 3%, the WB meat gels exhibited higher cooking losses compared with the NOR meat gels. Increasing the NaCl content to 3% or higher enhances the swelling of MPs and increases SSP extraction, especially of MHC, therefore improving cooking yield. According to LF-NMR, a higher proportion of extra-myofibrillar water and a greater mobility of intra-myofibrillar water were observed in raw wooden meat. WB meat batters had slower relaxation times of T 21 and smaller water proportions within the MP matrix at low NaCl contents (<2%). Following heating, T 2 shifted towards higher relaxation times with the increasing salt contents. WB meat gels had a lower proportion of immobilized water and greater proportion of expelled bulk water when NaCl content was lower than 3%, while increasing NaCl to 3% eliminated the difference and improved WHC.
